Comparative genome analyses have described the extent of macro and microsynteny among closely related legumes. The organization of the intergenic regions within syntenic blocks and the involvement of retrotransposons in the evolution of these regions have not been studied in detail. In this paper, retrotransposon rich (gene-poor) and retrotransposon poor (gene-rich) soybean [Glycine max (L.) Merr.] regions showing synteny with Medicago truncatula Gaertn. were analyzed to understand the role of retrotransposons in the evolution of syntenic regions. The majority of the intact retroelements were inserted 2 million years ago (MYA). The abundance and the types of retrotransposons vary in homoeologous soybean regions. The retrotransposon-rich region showed local genome expansion in soybean compared to Medicago. The retrotransposon-poor region showed local genome expansion in Medicago suggesting that local genome sizes do not always refl ect the global genome size difference between soybean and Medicago. One unique observation was the three-fold expansion of an ubiquitin specifi c protease (UBP12) gene in soybean due to multiple intronic retroelement insertions; yet a full-length transcript from the soybean UBP12 gene was confi rmed. This study also uncovered a sample of the less explored non-LTR retrotransposons in soybean and their presence in the introns of genes.
P
LANT GENOMES vary considerably in their nuclear DNA content, yet this variation is not correlated with an increase in biological complexity (Th omas, 1971) . Variation in genome size is oft en attributed to repetitive DNA (Flavell et al., 1974) . Transposable elements constitute a major portion of the repetitive DNA of plant genomes, and long terminal repeat (LTR)-retrotransposons represent the most abundant class of transposable elements contributing signifi cantly to genome size variation (SanMiguel et al., 1996; Vicient et al., 1999) . Speciesspecifi c amplifi cation of retrotransposons is attributed to the many-fold diff erences in genome size among closely related species within the genera Oryza, Vicia, and Gossypium (Piegu et al., 2006; Neumann et al., 2006; Hawkins et al., 2006) .
However, this 'one way ticket to genomic obesity' (Bennetzen and Kellogg, 1997 ) is oft en interrupted by the forces of genome contraction. Retrotransposonmediated genome expansion is counterbalanced by the processes of unequal homologous recombination and illegitimate recombination that can remove retrotransposon DNA from the genome (Vitte and Panaud, 2003; Shirasu et al., 2000; Devos et al., 2002; . A whole genome study of 41 retrotransposon families in rice indicated a rapid turnover of retroelements in the genome with a half-life of less than 3 million years (Vitte et al., 2007) . Transcriptional silencing of retroelements also has been suggested as a mechanism for regulation of retrotransposon activity (Hirochika et al., 2000) . Similarly, polyploidization (Wendel, 2000) , another factor in genome expansion, is oft en followed by genome rearrangements (Illic et al., 2003; Song et al., 1995) including deletion of duplicated genes, gene silencing, and functional divergence of duplicated genes with one of the consequences being diploidization.
Many studies have focused on the mechanisms of local genome evolution based on comparative sequence analysis of orthologous genomic regions (Illic et al., 2003; Tikhonov et al., 1999; Swigonová et al., 2005; Ma et al., 2005) . Th ese studies indicated that gene deletions, insertions, duplications, gene movement, gene conversions along with transposable element accumulations contribute to the evolution of genomic regions. Illic et al. (2003) compared the Adh-1 region of sorghum [Sorghum bicolor (L.) Moench], rice (Oryza sativa L.), and maize (Zea mays L.) and concluded that maize had an unstable genome, rice the most stable, and the sorghum genome had medium stability. Similar studies were conducted in cotton where diploid A and D genomes with a two-fold diff erence in genome size were compared in the CesA and AdhA regions. Th e A and the D genomes showed no evidence of genome expansion or contraction at the CesA region. However, the AdhA region was expanded in the larger A genome by the accumulation of retroelements. In addition, the AdhA region in the smaller D genome showed twice as many small deletions compared to the A genome (Grover et al., 2004; Grover et al., 2007) .
Comparative studies among legume genomes indicate a pattern similar to grasses in that they possess conserved genomic regions (Boutin et al., 1995; Yan et al., 2003) . However, colinearity is oft en restricted to small intervals and decreases as the phylogenetic distance increases (Choi et al., 2004) . Recently, a closer look at the synteny among Glycine, Medicago, Lotus, and Arabidopsis at the HCBT gene region revealed a network of synteny with fractionation due to gene loss, addition, and rearrangements (Schlueter et al., 2008) . Although comparative studies among legumes revealed the extent and quality of synteny at the gene level (Mudge et al., 2005; Cannon et al., 2006) , a detailed analysis of the role of retrotransposons in the evolution of the syntenic regions among legumes is lacking. Th is paper details a comparative sequence analysis of two soybean [Glycine max (L.) Merr.] genomic regions and their homoeologues along with the corresponding syntenic regions in Medicago. Th ese soybean genomic regions were chosen because they represent regions with diff erent gene densities on the same homoeologous chromosomes. Th e four soybean segments studied showed distinct patterns of retrotransposon accumulation; two were hot spots for retrotransposon accumulation and had undergone genome expansion compared to Medicago while the other regions showed minimal retrotransposon accumulation in soybean and exhibited evidences of retrotransposon mediated genome expansion in Medicago.
MATERIALS AND METHODS

Identifi cation of BACs and BAC Sequencing
Two homoeologous soybean regions on soybean Linkage Groups LG I (chromosome 20) and LG O (chromosome 10) analyzed in this study were designated as the ubiquitin specifi c protease 12 (UBP12) region and the galactinol synthase region, respectively. Bacterial artifi cial chromosomes (BACs) from the LG I UBP12 region were identifi ed by polymerase chain reaction (PCR) screening of multi-dimensional pools of the soybean 'Williams 82' BAC library (Marek and Shoemaker, 1997) using the simple sequence repeat (SSR) marker Satt239. BAC clones were end-sequenced using M13 forward and reverse primers at the Iowa State University DNA Sequencing and Synthesis Facility. Th e BAC library was then rescreened by PCR using primers designed from BAC-end sequences of BAC GM_ WBa0010E08 and the overlapping BAC GM_WBa0048N22 was identifi ed. BACs were fi ngerprinted using restriction enzymes EcoRI and AccI. BAC overlap was confi rmed by FPC 4.6.4 (Soderlund et al., 1997) and verifi ed by PCR amplifi cation using primers from BAC-end sequences. Shotgun sequencing of the BACs and assembly was carried out as described in Schlueter et al. (2006) .
BAC Sequence Analysis
Th e LG I UBP12 region BAC sequences were annotated using gene prediction programs FGENESH (www.soft berry. com) and GeneMark (Lomsadze et al., 2005 , http://opal. biology.gatech.edu/GeneMark/eukhmm.cgi; verifi ed 30 July 2009). Th e predicted genes were searched for similarity to known proteins by BLASTP (Altschul et al., 1990 ) with E-value cut off of E < E -10 against the National Center for Biotechnology Information (NCBI) non-redundant (nr) protein database. Th e predicted genes were also searched for similarity to soybean ESTs (at www.soybase.org) by BLASTN (Altschul et al., 1990) using an E-value cut off of E < E -20 . Th e regions where no genes were initially predicted also were searched by BLASTX against the NCBI nr protein database to identify any additional coding regions. Th e preliminary annotation of the BAC sequences indicated an abundance of retrotransposon coding regions in the UBP12 region BACs, noticeably an ubiquitin specifi c protease 12 (UBP12) gene with multiple intragenic insertions of retrotransposon elements. Th erefore this region was chosen for a detailed comparative analysis with its homoeologous region as well as the orthologous region in Medicago truncatula Gaertn. Th e galactinol synthase region reported previously by Schlueter et al. (2007) was chosen to represent a retrotransposon poor (gene-rich) region of the soybean genome. Identifi cation of the galactinol synthase region homoeologous BACs, BAC sequencing, and annotation were described in Schlueter et al. (2007) .
Identifi cation of Homoeologous and Orthologous Regions
Th e homoeologous relationship between LG I and LG O was established previously based on shared RFLP markers and genes (www.soybase.org, Schlueter et al., 2007 
Identifi cation of Conserved Genomic Regions
Th e coding sequences of the predicted genes in each region were used as query for BLASTN and TBLASTX searches against the corresponding homoeologous or orthologous regions with a cut off of E < E -05 to identify the conserved genes. In addition, the alignment program AVID (Bray et al., 2003) in the mVISTA DNA comparison program was used to identify conserved coding and noncoding regions.
Estimation of the Time of Divergence of Duplicated Genes
Th e synonymous and nonsynonymous distances were estimated using the predicted coding sequences based on the modifi ed Nei-Gojobori method installed in MEGA 4.0 (Tamura et al., 2007) . Th e divergence time was calculated using the Brassicaceae synonymous substitution rate of 1.5 × 10 -8 synonymous substitutions per site per year (Koch et al., 2000) . Th e divergence times of the homoeologous genes in the galactinol synthase region were estimated by Schlueter et al. (2007) .
Identifi cation and Classifi cation of LTR-Retrotransposons
A combination of structural analyses and sequence homology comparisons were used to identify the retrotransposons. Th e intact LTR elements were identifi ed by using LTR_STRUC, an LTR-retrotransposon mining program (McCarthy and McDonald, 2003) , and by homology on the basis of methods previously described . Solo LTRs and truncated elements were identifi ed by sequence homology searches against a soybean LTR-retrotransposon database that was developed by collecting known LTR-retrotransposons (Jianchang Du and Jianxin Ma, unpublished) and by scanning the soybean 7X genome assembly (www.soybase.org/gbrowse/cgi-bin/gbrowse/ gmax7x) using LTR_STRUC. Th e structures and boundaries of all of the identifi ed LTR-retrotransposons were confi rmed by manual inspection. Th e LTR-retrotransposons were classifi ed by sequence homology comparison, and individual families were defi ned by the criteria previously described , Nagaki et al., 2004 , Wicker et al., 2007 .
Phylogenetic Analysis of Retrotransposons
Phylogenetic analysis of the retroelements was done on the reverse transcriptase (RT) domain sequences of the retroelements. A few of the putative retroelements did not have an identifi able RT domain and were not included in the phylogenetic analysis. All the RT sequences were aligned with the RT domain sequences of known retroelements belonging to the copia, gypsy, and non-LTR classes using Clustalw (Chenna et al., 2003) with default parameters. Phylogenetic analysis was done with the program MEGA 4.0 (Tamura et al., 2007) using the Neighbor-Joining method. A Bootstrap test of phylogeny was done using 5000 replicates.
Estimation of the Time of Retrotransposon Insertion
For all the intact retroelements with two LTRs, the LTR sequences of the same element were aligned by Clustalw (Chenna et al., 2003) using default parameters. Th e pairwise sequence divergence was calculated using the Kimura 2 parameter model using MEGA 4.0 (Tamura et al., 2007) . Th e time of insertion was calculated using the equation T = D/2t where T = time of insertion, D = divergence, t = mutation rate per nucleotide site per year (Vitte et al., 2007) . Th e Brassicaceae synonymous substitution rate per site per year of 1.5 × 10 -8 (Koch et al., 2000) was used to estimate the time of retrotransposon insertion.
Expression Analysis of Homoeologous Genes with Intragenic Retrotransposon Insertions
Two genes in the UBP12 region had intragenic insertion of retroelements in both the homoeologous copies. To verify the expression of these genes, soybean EST data and RT-PCR using homoeologue-specifi c primers were used. RNA was extracted from fi ve diff erent soybean tissues; fl owers, one-week-old pods, nodules, roots and leaves of the cultivar Williams 82 using RNeasy mini kit (Qiagen, Valencia, CA). All tissues were collected at the same growth stage (two months aft er planting). RNA samples were DNase treated to eliminate genomic DNA contamination using Turbo DNA-free kit (Ambion, Inc., Austin, TX). Two-step RT-PCR was carried out using RETROscript kit (Ambion Inc.) using SuperTaq Plus high fi delity DNA polymerase. Th e PCR reactions were carried out as follows; denaturation at 94°C for 2 min followed by a three step cycle of denaturation at 94°C for 30 sec, annealing temperature for 30 sec followed by extension at 72°C for the duration of 1min/Kb. Th is cycle was repeated 35 times followed by a fi nal extension at 72°C for 5 min. A negative control without the RT and a tubulin positive control were used. RT-PCR products of expected sizes based on the predicted coding sequences were gel purifi ed and cloned into TOPO T/A cloning vector (Invitrogen, Carlsbad, CA) following the addition of an A overhang and sequenced to obtain the cDNA sequence. RT-PCR products from UBP12 homoeologues with sizes diff erent from the expected sizes were also sequenced to verify the possibility of alternately spliced products. Sequences of the RT-PCR primers used in this study are given in Suppl. Table 3 .
RESULTS
Genome Organization of the Regions
Th e soybean UBP12 homoeologous regions were located on soybean LG I (chromosome 20) and LG O (chromosome 10). Th e orthologous region in Medicago was located on the BAC mth2-157I20 (GB #AC174313 version 19) on chromosome 1. Th e galactinol synthase region previously reported by Schlueter et al. (2007) also was mapped to soybean LG I and LG O. Th e corresponding orthologous region was located on Medicago BAC mth2-150O13 (GB #AC147011 version 24) but its chromosomal location is unknown. Th e UBP12 region had an average gene density of one gene in 29 Kb while the galactinol synthase region showed one gene every eight Kb, a three-fold diff erence.
Th e content and order of genes in the soybean UBP12 regions indicated that three out of the ten genes in the soybean LG I UBP12 region retained duplicated copies in the LG O UBP12 region (Fig. 1) . Th e conserved genes showed sequence similarity both in the exon as well as the intron regions. Th e sequence identity of the coding regions at the nucleotide level was close to 96 percent for all three pairs of conserved genes. Th e sequence conservation of these genes was also supported by the nonsynonymous to synonymous ratio ranging from 0.09 to 0.43 indicative of purifying selection. Th e divergence estimates for these duplicated genes ranged 4 to 6 MYA (data not shown). Th e corresponding Medicago region showed evidence of two orthologous genes only (Fig. 1) .
Th e gene conservation in the soybean galactinol synthase region was described in Schlueter et al. (2007) . Synteny in the soybean galactinol synthase region was high with fi ve out of the six genes in the LG O galactinol synthase region conserved in the corresponding LG I region (Fig. 2) . Th e Medicago galactinol synthase region showed considerable colinearity in gene content and order. However, a block of fi ve genes in the LG I galactinol synthase region was absent in the LG O region and in the corresponding Medicago region (Fig. 2) . Th is block includes a putative gene with pentatricopeptide (PPR) repeat domains showing tandem duplications and was described previously (Schlueter et al., 2007) . One of the PPR repeat containing genes also had an intragenic retrotransposon insertion. Th e phosphotransferase gene showed tandem duplications as well. However, the tandem copy was truncated and shows the insertion of a PPR repeat gene into the third exon. A search of these fi ve genes elsewhere in the genome using the wholegenome assembly of soybean located all fi ve genes on LG D1a (chromosome 1). But it should be noted that the fi ve genes on LG D1a were not contiguous but positioned on two separate blocks of two and three genes respectively with a 5 Mb region between them (data not shown). Th e predicted coding regions in the intervening 5 Mb showed high levels of colinearity to LG B1 (chromosome 11) and LG K (chromosome 9) indicating a network of synteny and fractionation (Langham et al., 2004) following multiple rounds of large-scale genome duplications (Shoemaker et al., 1996; Schlueter et al., 2004) .
Retrotransposons in the UBP12 Region
Th e soybean UBP12 regions on LG I and LG O had more retrotransposon elements compared to the Medicago UBP12 region (Table 1) . Th e 35 elements identifi ed in the LG I UBP12 region accounted for 50 percent of the 247.4 Kb region (Fig. 1) . Th e proportions of retroelements in the LG O UBP12 region and the Medicago UBP12 region were 28 and 3% respectively. Among the LTR elements, truncated elements represented the largest category in all the UBP12 regions. Solo LTRs, most likely products of intrastrand homologous recombination of retroelements, were detected in both the soybean UBP12 regions but not in the Medicago region (Fig. 1, Table 1 ). Two of the solo LTRs were internal to other retroelements, suggesting nested insertion of retroelements. Non-LTR retrotransposons were detected in both the soybean UBP12 regions, but not in the Medicago region. Th e soybean UBP12 regions showed evidence of both intergenic and intragenic insertions. Th e intergenic distance between the colinear genes UBP12 and CDPK was increased seven-fold in soybean, 172 to 173 Kb, compared to 21.9 Kb in Medicago.
Retrotransposons in the Galactinol Synthase Region
Th e galactinol synthase region had a gene density of one gene every 8 Kb and the accumulation of retrotransposons was far less in this region compared to the retrotransposon rich (gene-poor) UBP12 region (Fig. 2) . Th e LG O galactinol synthase region appeared to be free of retrotransposon insertion while the LG I region showed evidence of seven elements including one solo LTR. Unlike the Medicago UBP12 region, the Medicago galactinol synthase region showed comparable number of retrotransposon insertions to the corresponding soybean regions (Table 1 ). Similar to the UBP12 regions, truncated elements represented the largest category of LTR retroelements in the galactinol synthase regions. One LTR retroelement with both LTRs intact but without the fl anking target site duplication (TSD), possibly a recombined element, was detected in the Medicago region (Suppl. Table 2 ). Soybean galactinol synthase regions did not show evidence of non-LTR retroelements, yet there was evidence of one non-LTR element insertion in the Medicago galactinol synthase region (Table 1) . Again, there was evidence of nested insertion as well as intragenic insertion of retroelements into a PPR gene (Fig. 2) . Genome expansion measured in terms of the intergenic distance revealed opposing trends in the galactinol synthase region. Intergenic distance between the betafructofuranosidase and the putative gene of unknown function was approximately 2.5 Kb in Medicago. Th e colinear regions expanded upwards of fi ve-and eighteen-fold in the soybean LG O and LG I galactinol synthase regions, respectively. However, the adjacent colinear regions, between the unknown gene and the galactinol synthase as well as the galactinol synthase and the AtNAP intergenic regions showed expansion in Medicago (Fig. 2) .
Intragenic Insertion of Retrotransposons
One noticeable feature of the soybean UBP12 regions was the multiple intragenic insertions of retroelements (Fig.  1) . Th e LG I UBP12 region showed intragenic insertions in two genes, one being a gene similar to the Arabidopsis UBP12 gene (At5g06600) and the other gene annotated as 'Vascular associated death1 (VAD1)' with a GRAM domain (At1g2120). Th e intragenic insertions of retroelements were all within the introns. Th e predicted gene structure of UBP12 indicated that this gene has 32 exons (Fig. 3) . Th ere were 12 retroelement insertions within the LG I UBP12 gene and seven of these insertions were non-LTR retroelements and the remaining fi ve were LTR retroelements. Th e retrotransposon insertions were distributed in fi ve introns; introns 4, 15, 21, 25, and 27 with the number of insertions of 4, 3, 2, 2, and 1, respectively. One of the insertions in intron 15 was a solo LTR (Fig.  3) . Th e LG O UBP12 gene had far fewer intragenic insertions. Among the two retroelement insertions in the LG O UBP12 gene, one belonged to the non-LTR class and the other to the LTR copia class. Introns 4 and 21 showed insertion of one element each. Th e Medicago UBP12 gene, however, showed no retroelement insertions.
Both the UBP12 homoeologues showed insertion in introns 4 and 21. Interestingly, the insertion of a copia-like element having the same orientation of transcription in intron 21 in both homoeologues (Fig. 3) indicates a possible shared insertion prior to their divergence (Fig. 3) . A lack of insertion in the corresponding position in Medicago would mean that this insertion in soybean would have happened aft er the Medicago/Glycine split 50 MYA (Schlueter et al., 2004) . Th e truncated nature of the inserted element in both the homoeologues suggests an older insertion, further supporting the possibility of an insertion prior to the recent genome duplication in soybean.
Strikingly, the LGI UBP12 gene with multiple insertions is three times larger than the Medicago UBP12 gene (Fig. 3) . Th e expansion of the soybean LG I UBP12 gene is largely due to the inserted retroelements, yet intron expansion also contributed. Th e intragenic insertion in the VAD1 homoeologues with 18 exons was caused by a single insertion of a non-LTR retroelement into each of the copies (Fig. 1) . However, on the basis of the predicted gene structure, the insertion was in intron 6 for the LG I VAD1 while the insertion was in intron 2 of the LG O VAD1 (data not shown).
Phylogenetic Analysis of Retroelements
Th e number of retroelements with RT domain included in the phylogenetic analysis is shown in Table 1 . Th e known retroelements belonging to the copia, gypsy, and non-LTR classes that were used for the phylogenetic analysis are given in Table 2 . Seventeen out of the thirtyfi ve retroelements in the LG I UBP12 region had an identifi able RT domain and seven out of the eighteen in the LG O UBP12 region had an identifi able RT domain. Th e retroelements in the Medicago UBP12 region did not have an RT domain but the similarity of the elements to the soybean SIRE-1 retroelement (AY205610) indicate that the truncated copy in Medicago UBP12 region could be a copia type LTR retroelement. A four-fold increase in the number of non-LTR elements was observed in the LG I UBP12 region compared to LG O UBP12 region; eight non-LTR elements in the LG I UBP12 region compared to two elements in the LG O region (Fig. 4, Table 1 ).
Only the LG I galactinol synthase region showed evidence of retrotransposon insertions and of the seven elements in this region, only two had an intact RT domain. One of those two elements was classifi ed as copia while the other one was of the gypsy class. Among the six retroelements in the Medicago galactinol synthase region, only one had a RT domain and it belonged to the gypsy class. Th e Medicago region also had one non-LTR Table 1 . Classifi cation of retrotransposons in the UBP12 and the galactinol synthase regions.
Type
UBP12 region Galactinol synthase region LGI LGO Medicago
LGI LGO Medicago LTR retrotransposons I n t a c t e l e m e n t s 4 4 0 0 0 1 T r u n c a t e d e l e m e n t s 1 9 8 2 6 0 4 N o n -L T R r e t r o t r a n s p o s o n s retroelement but the soybean galactinol synthase regions showed no evidence of non-LTR retroelement insertions. Th e only SIRE-1 copia-like element (LGO_U14) detected in the soybean regions under study was closely related to the previously reported SIRE-1 (Laten et al., 2003) , supporting a highly homogenous and a recent wave of amplifi cation of SIRE-1 elements in soybean (Laten et al., 2003, Fig. 4) . Further, soybean gypsy elements were more similar to the Vicia or pea gypsy elements than to Medicago gypsy elements. Th is is in agreement with the previous fi ndings that no major soybean repeat families were shared between soybean and Medicago except for the rDNA (Macas et al., 2007) . Soybean non-LTR elements appeared to be in two clusters with all the non-LTR elements in the UBP12 genes, except one formed one cluster. However, both the soybean non-LTR clusters were distinct from the non-LTR elements from other species included in the analysis (Fig. 4) .
Insertion Time of Retrotransposons
Th e insertion times of the retroelements in the soybean LG I UBP12 region ranges from 0.26 to 11.63 MYA (Table 3) . Th e estimated insertion times of the intact retroelements in the LG O UBP12 region, however, indicated more recent insertions; insertion of a SIRE-1 element close to 67,000 years ago to insertions as old as 4.56 MYA. Insertion time could not be estimated for the Medicago UBP12 region elements and for either soybean galactinol synthase regions due to the lack of intact elements. For the single intact element in the Medicago galactinol synthase region, insertion time was estimated to be 0.13 MYA. Insertion times of the majority of intact elements (77%) were within the last 2 MY, yet an insertion as old as 11.63 MYA was detected in the LG I UBP12 region. Th is indicates that some of the insertions would have happened around the time of the recent genome duplication of soybean, ~14 MYA (Schlueter et al., 2004) , and that both regions act as hotspots for continued retrotransposon accumulation.
Expression Analysis of the Homoeologous Genes with Intragenic Retrotransposon Insertions
It has been shown that intragenic insertion of retrotransposons into the introns of genes could alter the gene expression (Marillonnet and Wessler, 1997) . Th erefore, the expression pattern of the UBP12 and the VAD1 homoeologues showing intronic insertions of retrotransposons was studied. Initially the soybean gene index (release 13, July 2008) at Dana-Farber Cancer Institute (DFCI) was searched using the predicted coding sequences of these homoeologues to see if any EST sequences aligned to them with high identity. To our surprise, the LG I UBP12 with multiple intragenic insertions identifi ed TC258329, BG790879, and TC247081 that aligned along their entire sequence with 100, 99, and 97% sequence identity, respectively. Th ese ESTs were less identical to the LG O UBP12 coding sequence; 97, 95, and 92% identity, respectively, suggesting that the above EST sequences are likely to be derived from the LG I UBP12 homoeologue. EST data supported the expression of both the homoeologues of the VAD1. ESTs CA820220 and BI497564 aligned with the LG I VAD1 with 100 and 98% identity, respectively. Th e LG O VAD1 was 99% identical to TC248308.
RT-PCR confi rmed the expression of both VAD1 homoeologues in all the tissues studied (Fig. 5) . For the LG I UBP12 homoeologue, RT-PCR (Fig. 5) , followed by cDNA sequencing, confi rmed the expression of a fulllength transcript despite multiple intragenic insertions. For the LG I UBP12 homoeologue, three of the four RT-PCR primer pairs used for cDNA sequencing, amplifi ed products with sizes diff erent from what was expected. Th ese RT-PCR products also were sequenced except for I2F/I2R to verify the possibility of alternate splicing. But none of these products originated from UBP12 homoeologues and were non-specifi c PCR products. RT-PCR results suggest not only the expression, but a possible alternate splicing also of the LG O UBP12 homoeologue (Data not shown). Partial cDNA sequencing confi rmed the alternately spliced product amplifi ed by the primer pair O2F/O2R (Fig. 3) of the LG O UBP12 gene where exons 5, 6, and 7 were spliced out (Fig. 3) .
BACs reported in this study have Genbank accession numbers FJ571602 and FJ571603. cDNA sequences of the UBP12 genes have accession numbers FJ571604, FJ571605, FJ571606.
DISCUSSION
Retrotransposon Insertions in Homoeologous Regions
Th e soybean genome contains up to 40 to 60% repetitive DNA (Goldberg, 1978; Gurley et al., 1979) . Fluorescent in situ hybridization (FISH) studies indicate that soybean repeats are largely confi ned to the centromeric and pericentromeric regions (Lin et al., 2005) . In a survey of the repetitive fraction of the soybean genome, Nunberg et al. (2006) masked the methylation-unfi ltered soybean sequences with plant repeats in the TIGR Plant Repeat Database and found that, not considering the unique repeats in soybean, retrotransposons were the most abundant class of repeats. Th e four soybean genomic regions studied in this paper, the UBP12 regions and the galactinol synthase regions, represent retrotransposon-rich (gene-poor) and retrotransposon-poor (gene-rich) regions respectively, on the same homoeologous linkage groups LG I (chromosome 20) and LG O (chromosome 10). Th e analysis of these regions allowed us to determine whether the homoeologous regions diff er with respect to the abundance, types, and organization of retrotransposons. Th e retrotransposon-rich UBP12 region showed both old and recent insertions, whereas the galactinol synthase region showed far fewer insertions, mostly retrotransposon remnants. Th e LG I and the LG O UBP12 regions acted as hot spots for retrotransposon accumulation, with comparable numbers of LTR retroelements belonging to copia or gypsy classes. However, there was a preferential accumulation of non-LTR retrotransposons in the LG I UBP12 region.
Th e types of elements inserted also were compared between the soybean homoeologous regions. Of the 15 diff erent families of LTR retroelements identifi ed in the UBP12 regions, 13 showed evidence of insertion in only one of the two homoeologous UBP12 regions (Suppl. Table 2 ). It should be pointed out that a few of the retroelements in the LG I and LG O UBP12 regions could not be classifi ed. Also there were two sequence gaps in the LG O region and therefore some of the retroelements could be missing from the analysis. Yet six out of the thirteen families mentioned above showed insertion into the LG O UBP12 region, but did not show evidence of insertion into the LG I UBP12 region.
Further, the estimated timing of insertions indicated that LG O UBP12 region had more recent insertions, with the timing of insertions ranging from 0.06 to 4.56 MYA. Th e LG I region had much older insertions with the range of 0.26 to 11.63 MYA. For instance, the intact LGO U, or Mt U, respectively, followed by a number indicating their position from left to right as shown in Fig. 1 . Similarly, the elements in the galactinol synthase region are designated as LGI G, LGO G, or Mt G, respectively. Gmr6 copies (Suppl. Table 2) present in both the LG I and LG O UBP12 regions appeared to be at syntenic positions. But the insertion times of the elements indicate that the LG I copy was inserted 0.26 MYA while the LG O copy was inserted 0.93 MYA. It is likely that the two copies were inserted independently at diff erent times and happened to be at the similar position or alternatively, inserted independently, at the same time, but diverged at diff erent rates. Collectively, these results suggest the independent nature of the retrotransposon accumulation in the UBP12 homoeologous regions. Th e galactinol synthase region also presented evidence of independent evolution of homoeologous regions in that only the LG I galactinol synthase region showed evidence of insertions while the LG O region showed no evidence of retroelements (Fig. 2) . Independent insertions of retrotransposons were observed in homoeologous Maize Orp regions where retrotransposons in the intergenic regions of the conserved genes did not share lengths of sequence homology .
The Varying Trends in Genome Expansion
Retrotransposon amplifi cation is considered one of the major forces of genome growth (Vitte and Bennetzen, 2006; Neumann et al., 2006; Piegu et al., 2006) . Th e Medi cago genome is ~500 Mbp while the soybean genome is ~1110 Mbp, a two-fold diff erence in size. Retrotransposon accumulation in the soybean UBP12 region resulted in upwards of a seven-fold increase in intergenic space between syntenic genes UBP12 and CDPK in soybean compared to Medicago; an evidence of retrotransposon-mediated genome expansion in soybean (Fig. 1) . In fact, the expansion of the UBP12 region in soybean is not only due to expansion of the intergenic region but the expansion of the UBP12 gene itself (Fig. 3) . Th e galactinol synthase region on the other hand, showed evidence of genome expansion in soybean as well as in Medicago (Fig. 2) . Th e local genome expansion in Medicago does not refl ect the overall genome size diff erence of soybean and Medicago. A similarly incongruent pattern in local and global genome size evolution was observed in the CesA region in cotton A and D genomes with a two-fold diff erence in genome size (Grover et al., 2004) .
In light of the recent advancements in the understanding of genome size evolution, it is now presumed that genome size is a function of both genome expansion and contraction forces (Devos et al., 2002; . Solo LTRs or intact elements without a TSD are evidence of retrotransposon removal by intra-strand recombination between LTRs of retroelements (Vitte and Panaud, 2003; Devos et al., 2002) . Both soybean UBP12 regions showed evidence of solo LTRs, indicating the removal of retroelement DNA. Further, the majority of the LTR retroelements were truncated in the UBP12 and the galactinol synthase regions. Our analysis shows locally certain genomic regions could be expanded in soybean while in other regions the Medicago genome showed expansion. Th e reasons for these diff erential patterns could be that the retrotransposon-rich (gene-poor) UBP12 region in soybean could tolerate accumulation of retrotransposon DNA due to less selection pressure, exceeding the capability of the removal mechanisms. Th e retrotransposon-poor (gene-rich) soybean galactinol synthase regions could be selected against the accumulation of retrotransposons together with effi cient removal. Th e effi ciency of these mechanisms could vary between genomic regions (Grover et al., 2007) and with the species (Vitte and Bennetzen, 2006) .
Intragenic Insertion of Retroelements
It has been shown that transposable element insertions into the coding or promoter regions of genes modulate gene function by regulation of gene expression or by formation of non-functional proteins (Hori et al., 2007; Xiao et al., 2008) . Insertion of transposable elements into the introns could be less deleterious yet not inconsequential. Intronic insertions could cause splicing alterations and diff erential transcript accumulations (Marillonnet and Wessler, 1997; O'Connor et al., 1999; Tighe et al., 2002) . RT-PCR and cDNA sequencing confi rmed the expression of both UBP12 homoeologues as well as possible alternate splicing of the LG O UBP12 gene. Even though it is possible that the diff erential splicing could be the result of retrotransposons inserted into the introns of this gene, due to the lack of a soybean UBP12 gene without insertions for comparison, it cannot be attributed conclusively to the intronic insertions.
Th e LG I UBP12 gene showed 12 insertions distributed in four introns. Th e bulk of the intronic insertions in the LG I UBP12 were non-LTR retroelements. Interestingly, all the non-LTR retroelements identifi ed in the UBP12 region were intragenic insertions (Fig. 1) . Th e distribution or the role of non-LTR elements in the soybean genome evolution is currently unknown. Th eir intragenic insertion could be suggestive of their affi nity to insert within genes. Non-LTR elements are present at low copy number in the genomes of other plant species (Schmidt, 1999; Zhang and Wessler, 2004; Alix et al., 2005) with the Del2 LINE family in Lily the only known exception (Leeton and Smith, 1993) . Non-LTR retrotransposons in a legume species, Vicia, indicated that the LINEs contribute The nomenclatures of the retroelements are as described for Fig. 4 .
the least to the Vicia genome (Hill et al., 2005) . Fewer numbers of non-LTR retroelements compared to the LTR elements (Table 1) in the soybean genomic regions studied, suggesting a similar trend in soybean. Th e eff ect of intronic insertions of non-LTR elements is better understood in mammalian genomes, in which non-LTR retrotransposons particularly L1 LINEs are a major component of the genome. In the mouse genome, it was observed that intronic L1 insertion in the antisense orientation is less deleterious to gene expression compared to sense L1 insertions, and sense insertions could be subject to purifying negative selection (Chen et al., 2006 ). An analysis of the non-LTR insertions in the UBP12 genes (Suppl. Table 2) showed that four out of the seven non-LTR insertions in the LG I UBP12 were in the antisense and three in the sense orientation while the LG O UBP12 had only a single non-LTR insertion in the antisense orientation (Figure 3) . But it should be pointed out that there were LTR retrotransposon insertions in the UBP12 homoeologues. Th e single non-LTR insertion in the VAD1 was in the antisense orientation in both the homoeologues. Another observation of the L1 insertions in the introns of human genes is that the poly (A) signal of the insertions is weak and oft en uses downstream poly (A) signals (Moran et al., 1996) . Th e adoption of such a mechanism helps the L1 insertions to be almost invisible. A survey of additional soybean genomic regions would verify if non-LTR elements have target site preferences for insertion within genes and their role in the divergence of homoeologous genes.
Segmental or large-scale genome duplications are followed by the functional divergence of duplicate genes. Functional divergence can manifest in functional redundancy, subfunctionalization, neofunctionalization, or pseudogene formation (Lynch and Force, 2000) . Even though a full-length transcript was confi rmed only for the LG I UBP12 gene, RT-PCR suggests expression of both the homoeologues of the UBP12 and VAD1. Th e UBP gene family is involved in protein de-ubiquitination and many subfamilies have been identifi ed in Arabidopsis (Liu et al., 2008) . VAD1 is known to be involved in pathogen response and function in the cell death control of cells in the vicinity of vascular bundles in plants (Lorrain et al., 2004) . One possible explanation for the expression of both homoeologues of UBP12 could be for substrate specifi city for de-ubiquitnation and for VAD1, pathogen specifi city, or alternatively, provides functional redundancy.
Th e soybean UBP12 regions act as hot spots for retro transposon accumulation and thereby exhibit genome expansion compared to Medicago. Th e soybean homoeologous regions evolve independently in terms of retrotransposon accumulation in the intergenic regions and thus retrotransposons could be agents of evolutionary divergence of homoeologous regions. Further analysis at a whole-genome level would help us understand the contribution of retroelements in shaping the paleopolyploid genome of soybean.
